Projected drought risk in 1.5°C and 2°C warmer climates by Lehner, Flavio et al.
Projected drought risk in 1.5°C and 2°C warmer climates
Flavio Lehner1 , Sloan Coats2 , Thomas F. Stocker3,4 , Angeline G. Pendergrass2 ,
Benjamin M. Sanderson2 , Christoph C. Raible3,4 , and Jason E. Smerdon5
1Research Applications Laboratory, National Center for Atmospheric Research, Boulder, Colorado, USA, 2Climate and Global
Dynamics Laboratory, National Center for Atmospheric Research, Boulder, Colorado, USA, 3Oeschger Centre for Climate
Change Research, University of Bern, Bern, Switzerland, 4Climate and Environmental Physics, University of Bern, Bern,
Switzerland, 5Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York, USA
Abstract The large socioeconomic costs of droughts make them a crucial target for impact assessments of
climate change scenarios. Using multiple drought metrics and a set of simulations with the Community Earth
System Model targeting 1.5°C and 2°C above preindustrial global mean temperatures, we investigate
changes in aridity and the risk of consecutive drought years. If warming is limited to 2°C, these simulations
suggest little change in drought risk for the U.S. Southwest and Central Plains compared to present day. In the
Mediterranean and central Europe, however, drought risk increases signiﬁcantly for both 1.5°C and 2°C
warming targets, and the additional 0.5°C of the 2°C climate leads to signiﬁcantly higher drought risk. Our
study suggests that limiting anthropogenic warming to 1.5°C rather than 2°C, as aspired to by the Paris
Climate Agreement, may have beneﬁts for future drought risk but that such beneﬁts may be regional and in
some cases highly uncertain.
Plain Language Summary Droughts are among the costliest natural disasters. It is therefore crucial
to understand how drought risk will change in the future and whether climate mitigation might help reduce
exposure to drought. We use a set of simulations with a climate model targeted at climates that are 1.5°C and
2°C warmer than the era before industrial development—the warming target in the Paris Climate Agreement
—to investigate potential future drought risk. We ﬁnd that drought risk increases across many regions of the
world in both of these scenarios, by two different measures: general drying, as well as an increased frequency
of consecutive dry years. In Europe, the Mediterranean, Amazon, and southern Africa, the 1.5°C warmer
scenario has signiﬁcantly lower drought risk than the 2°C scenario. In contrast to other simulations with much
more warming, drought risk does not change signiﬁcantly over the U.S. Central Plains and Southwest for
these low warming scenarios. This study highlights that aggressive climate change mitigation might reduce
future drought risk, but more research with other climate models is necessary to make sure these results
are robust.
1. Introduction
Droughts are one of the costliest impacts of climate variability, but the factors controlling their onset and
duration are still poorly understood [Handmer et al., 2012]. Paleoclimate proxies and modeling studies indi-
cate that severe multidecadal droughts can arise from internal climate variability alone, in the absence of
strong external forcing [Cook et al., 2007, 2016; Hunt, 2011; Coats et al., 2016a; Stevenson et al., 2015]. At
the same time, evidence is accumulating that warming over recent decades may have affected the
hydrologic cycle in semiarid regions [Seager et al., 2007; Kelley et al., 2015; Lehner et al., 2017], potentially
amplifying drought risk when precipitation deﬁcits occur [Diffenbaugh et al., 2015; Williams et al., 2015].
Current research indicates that many historically drought-prone regions will face increased drought risk
with continued anthropogenically driven global warming [Held et al., 2005; Dai, 2011a; Hoerling et al.,
2012; Fu and Feng, 2014; Prudhomme et al., 2014; B. I. Cook et al., 2015; Kelley et al., 2015; Duffy et al.,
2015; Ault et al., 2016] and that this increase is robust across models since it is primarily driven by mean
temperature change. However, there exist considerable uncertainties in observed and projected drought
related to the choice of drought index, model structural differences, emissions scenarios, and internal
variability [Intergovernmental Panel on Climate Change, 2012; Burke and Brown, 2008; Shefﬁeld et al.,
2012; Orlowsky and Seneviratne, 2013; Trenberth et al., 2014; Scheff and Frierson, 2015; Smerdon et al.,
2015; Swann et al., 2016; Berg et al., 2016; Raible et al., 2017]. In particular, the risk of multidecadal “mega-
droughts” remains challenging to constrain, due to the long records needed [Coats and Mankin, 2016] and
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the possibility that current climate models may underestimate low-frequency hydroclimate variability [Ault
et al., 2013; Smerdon et al., 2017].
Recent decades have demonstrated that droughts lasting only a few years also pose signiﬁcant socioeco-
nomic risk, even when they are moderate in severity, because of their potential to deplete stored water
quickly and thus to decrease resilience to subsequent droughts [Howitt et al., 2014; Udall and Overpeck,
2017; Castle et al., 2014]. Such consecutive moderate drought years also offer the opportunity for a more
accurate assessment due to a lesser dependence on long records from observations and simulations. This
accuracy might be particularly important for emissions scenarios with more subtle differences in warming
than comparing business-as-usual to aggressive mitigation scenarios, e.g., Representative Concentration
Pathway (RCP) 8.5 [Taylor et al., 2012] against RCP 2.6 or RCP 4.5 [Ault et al., 2016; Lin et al., 2016].
The goal of the Paris agreement is to hold global warming well below 2°C and to pursue efforts to limit to
1.5°C above preindustrial temperature. Regardless of the political and socioeconomic achievability of these
goals [Stocker, 2013; Sanderson et al., 2017], it is important to quantify how drought risk changes for these
two warming targets and whether there are signiﬁcant differences between them. Such an assessment is cur-
rently hampered by a number of issues: (i) only a small number of existing simulations of the Coupled Model
Intercomparison Project 5 (CMIP5) under the RCP 2.6 scenario result in a warming limited to 1.5°C by the end
of the 21st century; (ii) new modeling efforts such as the “Half a degree Additional warming, Projections,
Prognosis and Impacts” (HAPPI) model intercomparison project [Mitchell et al., 2016] will use prescribed
climatological sea surface temperatures and hence will not include coupled ocean-atmosphere internal
variability, which has been identiﬁed as crucial for simulating realistic drought variability and persistence
[Seager et al., 2005; Coats et al., 2016a; Routson et al., 2016]; and (iii) when investigating the risk of consecutive
drought years in a near-stable climate, a composite analysis of individual 20 year time slices selected from
CMIP5 (e.g., following Schleussner et al. [2016] for other impacts at 1.5°C) may not be feasible due to insufﬁ-
cient sampling of extended drought events.
To overcome these issues and provide a ﬁrst assessment of drought risk under the 1.5°C and 2°C warming
targets, we use a set of ensemble simulations with the Community Earth System Model (CESM) designed
speciﬁcally to test the climate impacts associated with 1.5°C and 2°C warming scenarios [Sanderson et al.,
2017]. We assess meteorological drought deﬁned by different forms of the Palmer Drought Severity Index
and soil moisture (as opposed to drought deﬁned by changes in vegetation or runoff). We focus on key
drought-prone regions in North and South America, Europe, Africa, Asia, and Australia where we are rela-
tively conﬁdent in CESM and our drought metrics to answer the following questions: (1) Do drought metrics,
on average, change at 1.5°C and 2°C warming? (2) Does the risk for consecutive drought years change at
1.5°C and 2°C warming? (3) Are there signiﬁcant differences between the two warming targets for these
two questions?
2. Materials and Methods
2.1. Model Simulations
The coupled model simulations used in this study were designed speciﬁcally to enable investigation of
impacts at near-equilibrium climates of 1.5°C and 2°C in the global mean above preindustrial temperatures
[Sanderson et al., 2017]. The simulations use the Community Earth System Model (CESM) [Hurrell et al.,
2013], with the same model version and setup as was used for the CESM Large Ensemble (CESM LE), and
use the CESM LE preindustrial control simulation as baseline reference [Kay et al., 2015]. While model struc-
tural uncertainty is not represented in this study here, it is worth noting that in other studies, the mean
response of drought in CESM to anthropogenic warming has been found to be similar to the CMIP5 multimo-
del mean [Seneviratne et al., 2013; Cook et al., 2014; B. I. Cook et al., 2015]. This single-model setup allows for a
more robust sampling of internal variability than would be possible in CMIP5, where only a few models pro-
vide multiple ensemble members.
The complete description of the experimental setup of the simulations is provided in Sanderson et al. [2017]
and summarized here. The Minimal Complexity Earth Simulator (MiCES) is used to emulate the coupled cli-
mate of CESM in a simplistic manner, making it computationally tractable to ﬁnd greenhouse gas emission
pathways that would lead CESM to a desired global mean temperature. The emission pathways derived
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from MiCES are then used to force the ﬁrst 10 ensemble members of CESM LE from 2006 to 2100.
Nongreenhouse gas concentrations (aerosols, ozone, and CFCs) follow the RCP 8.5 protocol [Taylor et al.,
2012] throughout the simulations, an assumption with little effect on the projection uncertainty given the
generally small differences in aerosol forcing across RCPs [e.g., Pendergrass et al., 2015]. This results in two
10-member ensembles that stabilize at 1.5°C and 2°C of warming above preindustrial by 2050–2070
[Sanderson et al., 2017, Figure 1b]. For the reminder of the study, the 1.5°C and 2°C climates are therefore
deﬁned as the period 2051–2100 in each 10-member ensemble. We further use the existing simulations from
the same 10 CESM LE members to deﬁne the present-day reference period 1967–2016 (0.35°C above prein-
dustrial) and the future period 2051–2100 under RCP 8.5 (3.7°C above preindustrial).
2.2. Drought Metrics
To be consistent with previous studies of future drought, we use the annual mean Palmer Drought Severity
Index (PDSI) [Palmer, 1965] with the Penman-Monteith formulation of potential evapotranspiration as a pri-
mary drought metric. PDSI is calculated off-line from CESM output following Coats and Mankin [2016], which
entails a standardization of the PDSI index against the preindustrial control simulation, such that values of2,
3, and 4 represent moderate, severe, and extreme drought at a given location (analogous to Palmer’s
original classiﬁcation for the U.S. Midwest in the 1930s; see also Dai [2011b] for discussion). Thus, a future
mean decrease by, e.g., one PDSI unit would represent an impactful drying. To provide a measure of real-
world natural variability for comparison to the model simulations, we use tree ring based reconstructions
of June–August (JJA) PDSI from the North American, Monsoon Asia, and Old World Drought Atlases, covering
the common period 1110–2005 Common Era (C.E.), during which the spatial coverage of the atlases is stable
[Cook et al., 2004, 2010; E. R. Cook et al., 2015]. The PDSI in the Drought Atlases is not entirely consistent with
the model, as they employ a different standardization interval (~1931–1990 C.E.) and temporal averaging
(June–August versus annual mean). Nevertheless, June–August PDSI is highly correlated with annual mean
PDSI due to its inherent 12–18 month memory, and the mean PDSI is largely stable during the preindustrial
period in the Drought Atlases despite the short historical standardization interval [e.g., Coats et al., 2016b].
To test whether the PDSI results are consistent with other off-line drought metrics, we also calculate PDSI
using potential evapotranspiration (PET) based solely on surface radiation; i.e., PET is expressed as 0.8 times
the net surface radiation [Milly and Dunne, 2016], hereafter called PDSInet-rad. Furthermore, to test whether
the PDSI results are consistent with online drought metrics, we also investigate changes in simulated soil
moisture: soil moisture to a depth of ~30 and ~200 cm is extracted from CESM by integrating liquid and fro-
zen soil moisture over the upper 6 and 9 soil levels in the Community Land Model and then normalized
against values from the preindustrial control simulation (subtract mean and divide by standard deviation).
This approach follows previous studies that have addressed the potential for an unrealistic sensitivity of
Penman-Monteith-based PDSI to anthropogenic warming by exploring alternative metrics [B. I. Cook et al.,
2015; Milly and Dunne, 2016; Berg et al., 2016; Feng et al., 2017].
3. Results
3.1. Mean Changes in Drought
We ﬁrst investigate mean changes in PDSI from present day (1967–2016) and to each of the 1.5°C and 2°C
scenarios in the second half of the 21th century (2051–2100), as well as from 1.5°C to 2°C (Figure 1).
Statistical signiﬁcance is evaluated with a two-sided t test at 95% conﬁdence. The Mediterranean, central
Europe, the Amazon, and southern Africa see widespread drying under both 1.5°C and 2°C climates
(Figures 1a and 1b), with signiﬁcantly more drying at 2°C compared to 1.5°C (Figure 1c). The United
States (US) Southwest does not see signiﬁcant drying relative to present day, while the eastern half of
the Central Plains shows weak but signiﬁcant drying under both scenarios. There are almost no differences,
however, between 1.5°C and 2°C for both U.S. regions. Southeast Asia generally does not see signiﬁcant
differences in PDSI relative to present day, while southern Australia shows signiﬁcant drying of statistically
indistinguishable magnitude under both scenarios. These results are generally detectable in PDSInet-rad and
soil moisture as well, although some differences are noteworthy (Figures S1–S3): central Europe sees
decreases in PDSInet-rad and soil moisture of almost equal magnitude at 1.5°C and 2°C, while PDSI is distinct
between the two climates. There is a similar tendency in southern Africa, where soil moisture changes indi-
cate no clear distinction between the two scenarios, while both PDSI indices do. Also, parts of the U.S.
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Figure 1. Change in mean PDSI (a) from present day (1967–2016) to 1.5°C (2051–2100), (b) from present day to 2°C (2051–
2100), and (c) from 1.5°C to 2°C, as simulated by CESM. Hatching indicates differences that are not signiﬁcant according to a
two-sided t test (95% conﬁdence). Boxes indicate regions used in Figures 2–4.
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Southwest see signiﬁcantly reduced soil moisture at 1.5°C and 2°C, while PDSI shows an insigniﬁcant
response. Generally, the two soil moisture metrics show comparable responses to 1.5°C and 2°C warming
in CESM, unlike the depth gradient in soil moisture response reported for stronger warming scenarios in
CMIP5 models [Berg et al., 2016].
3.2. Spatially Aggregated Changes in Drought
In the context of a regional risk assessment, spatially aggregating mean changes is helpful to investigate
the risk of a particular land fraction being impacted by climate change, rather than a speciﬁc grid cell
[Fischer et al., 2013]. That is, grid cells are binned according to their mean change and plotted against
the land fraction that each bin makes up (Figure 2); signiﬁcant changes in the mean of these spatial prob-
ability density functions are reported at 95% conﬁdence based on a two-sided t test. Compared to
spatially averaging, it also avoids the problem of erroneously averaging out opposing signals within a
region. This is relevant for the U.S. Southwest and central Europe where the CMIP5 multimodel mean sug-
gests opposing precipitation responses to strong warming (e.g., a north-south gradient) [Intergovernmental
Panel on Climate Change, 2013]. In Figure 2 we show the spatially aggregated mean PDSI for 2051–2100
for the regions discussed in section 3.1. In addition to the model-simulated results from the 1.5°C and
2°C simulations, we also show the average PDSI from 10 independent 50 year periods (1110–1609) from
the regional Drought Atlases. Where available, the Drought Atlases and the preindustrial control simulation
show good agreement in terms of spatially aggregated PDSI (Figure S4 and accompanying discussion in
the supporting information).
Figure 2. Fifty year mean PDSI from CESM simulations as a function of land fraction for the different regionsmarked in Figure 1. Also shown is the PDSI from the (a, b)
Old World Drought Atlas [E. R. Cook et al., 2015], (c, d) North American Drought Atlas [Cook et al., 2004], and (g) Monsoon Asia Drought Atlas [Cook et al., 2010] for
regions where they provide coverage. Each thick solid line is the mean of the corresponding ten 50 year periods; the shading indicates the full range across those
10 values, omitted from the control for clarity. The ten 50 year periods represent the same time period for the simulations, while they represent 10 consecutive
nonoverlapping 50 year periods between 1110 and 1609 in the case of the Drought Atlases.
Geophysical Research Letters 10.1002/2017GL074117
LEHNER ET AL. DROUGHT IN 1.5°C AND 2°C WARMER CLIMATES 7423
The spatially aggregated PDSI generally conﬁrms what was shown in Figure 1: signiﬁcant drying in the
Mediterranean, central Europe, the Amazon, southern Africa, and southern Australia at 1.5°C and 2°C, and
insigniﬁcant changes in the U.S. Southwest, Central Plains, and Southeast Asia (Figure 2). Compared to the
colocated Drought Atlas during the last millennium and the preindustrial control simulation, the
Mediterranean is drier at present in CESM, although the lowest values of the Drought Atlas distribution sug-
gest that some land area and/or periods between 1110 and 1609 were as dry (Figure 2a). Central Europe, on
the other hand, is wetter today in CESM than in any period in the Drought Atlas, while the 1.5°C climate over
central Europe in CESM resembles the 1110–1609 period of the Drought Atlas most closely (Figure 2b). Future
conditions in central Europe might therefore be similar to the preindustrial period (Figure S4b) or, assuming
the model is unbiased relative to the reconstruction, similar to some periods in the paleoclimate record
(Figure 2b). The present-day U.S. Southwest and Central Plains in CESM are largely indistinguishable from
the Drought Atlas (Figures 2c and 2d). In Southeast Asia, the present-day climate is signiﬁcantly drier than
in the Drought Atlas and the simulated preindustrial period (Figure 2g). We speculate that this might be
related to aerosol forcing [Bollasina et al., 2011; Lin et al., 2016].
To illustrate the beneﬁts of limiting warming to 1.5°C or 2°C in terms of drought risk, we compare them with
the RCP 8.5 projection (green lines in Figure 2), which is 3.7°C warmer than preindustrial in CESM. The U.S.
Southwest and Central Plains dry signiﬁcantly under RCP 8.5 (see also B. I. Cook et al. [2015] and others),
yet almost none of this drying occurs at 1.5°C or 2°C warming. This behavior stands in stark contrast to the
Mediterranean, central Europe, the Amazon, southern Africa, and southern Australia, where drying appears
to scale more linearly with the level of warming. Southeast Asia experiences no change in PDSI with RCP
8.5 in CESM. As discussed in Lin et al. [2016], future reductions of aerosol concentrations in this region cause
an increase in both precipitation and evaporative demand relative to simulations with ﬁxed aerosol
emissions. While increases in greenhouse gas concentrations also cause an increase in precipitation and
evaporative demand, the resulting relative drying and wetting across the Southeast Asia region seems to
cancel out [Lin et al., 2016]. However, a more detailed study of this region is warranted given the spatial
and temporal complexity of its drought response.
To investigate the nonlinear scaling of the drying signal in the U.S. Southwest and Central Plains with tem-
perature, we recalculate PDSI after detrending the model-simulated potential evapotranspiration (PET) (by
removing a quadratic ﬁt at each grid cell for the 1.5°C and 2°C scenarios, similar to removal of a linear ﬁt
for RCP 8.5 in Cook et al. [2014]). This approach essentially holds PET constant at preindustrial levels while
retaining internal variability and isolates the response of PDSI to changes in precipitation alone. Figure S5
shows these calculations for the 1.5°C and 2°C scenarios alongside the original PDSI calculations from
Figure 2, as well as PDSI from present day and the preindustrial control simulation. Figures S5a, S5e, and
S5f illustrate that the precipitation decrease alone causes a substantial fraction of the drying from preindus-
trial to the 1.5°C and 2°C warmer climates in the Mediterranean (33–37%), the Amazon (53–59%), and south-
ern Africa (70–84%), consistent with the robust regional pattern of strengthening of moisture divergence
with global warming [Held and Soden, 2006; Seager et al., 2014; Boisier et al., 2015] (see also Figures S6a
and S6b). The strengthening of moisture divergence with warming also causes increased moisture conver-
gence over central Europe and leads to increased precipitation there [Seager et al., 2014] (see also S6 for maps
of projected precipitation change); this would lead to increased PDSI (Figure S5b) were it not for the even
larger increase in evaporative demand at 1.5°C and 2°C due to the temperature increase (Figures 2, S5b,
S7, and S8). Over the U.S. Southwest and Central Plains, on the other hand, increased precipitation at 1.5°C
and 2°C is almost exactly offset by increased evaporative demand, so that there is almost no change relative
to preindustrial or present day (Figures S5c, S5d, S6, and S7). This balance does not hold for stronger warm-
ing, causing the U.S. Southwest and Central Plains to dry under RCP 8.5, which explains the nonlinear scaling
of PDSI changes with warming in these regions. In southern Australia, precipitation is projected to increase
more at 2°C than 1.5°C warming (Figure S5h), so that the combined effect of changes in precipitation and eva-
porative demand yields a drying of similar magnitude for the two warming targets (recall Figure 2h).
3.3. Risk of Consecutive Drought Years
We deﬁne a consecutive drought “event” as four consecutive years of negative PDSI whose cumulative sum is
below4. This threshold corresponds roughly to the recent 2012–2015 drought in California [e.g., Grifﬁn and
Anchukaitis, 2014; Williams et al., 2015], which had substantial socioeconomic impacts despite its relatively
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short duration. Other lengths of consecutive drought years (3 through 10) were tested as well, with similar
results (not shown). Figure 3 shows the risk of a consecutive drought event during the years 2051–2100,
expressed in terms of affected land fraction as a function of probability of an event for the eight regions.
Probability is calculated as the number of events divided by 12, the maximum possible number of such
nonoverlapping events in a given 50 year period.
The Mediterranean experiences substantially elevated risk of consecutive drought years at 1.5°C and 2°C
compared to present day and even more so compared to the Drought Atlas (Figure 3a). There are also
notable differences between the two scenarios; the land fraction with low risk (<10%) is reduced by half
at 2°C compared to 1.5°C, while the land fraction with high risk (>60%) more than doubles. In central
Europe, the risk of consecutive years of drought is generally lower, although a similar increase in risk
occurs for a warming of 2°C relative to 1.5°C (Figure 3b). In contrast to the Mediterranean, in central
Europe the Drought Atlas indicates that the risk of consecutive years of drought during the 1110–1609
period was similar to the risk estimated by CESM for 1.5°C and °C (suggesting that present day is wetter
than either the past or the future). The risk of consecutive drought years in the U.S. Southwest and
Central Plains does not change notably at 1.5°C and 2°C (Figures 3c and 3d). For the U.S. Southwest,
the risk documented by the Drought Atlas is indistinguishable from the present day and 1.5°C and 2°C
warming scenarios (Figure 3c). For the Central Plains, in contrast, the Drought Atlases document a higher
risk of consecutive drought years than present day or the 1.5°C and 2°C scenarios (Figure 3d). The Amazon
experiences the strongest response, with a complete shift of the distribution to higher risk (Figure 3e).
Southern Africa experiences a response similar to the Mediterranean (Figure 3f). In line with its mean PDSI
(Figure 2), Southeast Asia’s risk for consecutive drought years does not change with any future scenario
but is higher than documented by the Drought Atlas (Figure 3g). Southern Australia experiences an
Figure 3. Spatially aggregated risk of four consecutive years of negative PDSI summing to less than 4 as a function of land fraction for the regions deﬁned in
Figure 1. Risk is deﬁned as the probability of occurrence, i.e., the number of events divided by the maximum number of possible nonoverlapping events in a
50 year period. Shading indicates the full range across the 10 ensemble members, omitted from the control for clarity.
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increase in risk of consecutive drought years under both 1.5°C and 2°C scenarios relative to present day,
with a strong reduction of the land fraction at low risk (<10%) and a corresponding increase in higher risk
(Figure 3h); no notable differences exist between 1.5°C and 2°C.
Under RCP 8.5, the risk of consecutive drought years increases substantial in all regions except Southeast Asia.
Note that the period 2051–2100 is still warming unabated in RCP 8.5, thus only allowing a qualitative compar-
ison of RCP 8.5 with the 1.5°C and 2°C simulations.
Most of the change in risk of consecutive drought years quantiﬁed with PDSI are consistent with those using
PDSInet-rad and soil moisture (Figures S9–S11). Nonetheless, there are some differences; the relative response
to warming is weaker, which is potentially related to the stronger temperature sensitivity of PDSI compared
to PDSInet-rad and soil moisture. Especially in extratropical regions, where future drying is largely driven by
increased evaporative demand, PDSInet-rad indicates less drying, consistent with observations [van der
Schrier et al., 2013]. The risk of consecutive drought years in PDSInet-rad and soil moisture metrics decreases
in Southeast Asia under RCP 8.5, in contrast to PDSI, which shows no change under RCP 8.5 relative to present
day. Again, this seems to be related to the stronger sensitivity of PDSI to temperature compared to the other
metrics, as Southeast Asia has strong increases in precipitation under RCP 8.5 as a consequence of projected
mitigation of aerosol emissions and associated warming [Lin et al., 2016] that are balanced by increasing eva-
porative demand. This latter response appears to be weaker for PDSInet-rad and simulated soil moisture than
for PDSI.
4. Summary and Conclusions
Using a set of coupled simulations with CESM [Sanderson et al., 2017], we provide an assessment of drought
for 1.5°C and 2°C warmer climates, including mean changes as well as the risk of consecutive years of mod-
erate drought. Our analysis indicates that when warming is limited to 1.5°C or 2°C, projected increases in pre-
cipitation and temperature/evaporative demand may balance each other over the U.S. Southwest and
Central Plains, leading to little change in drought risk relative to present day (and in contrast to the dramatic
increase in projected drought risk with the business-as-usual RCP 8.5 scenario). In the Mediterranean, central
Europe, the Amazon, and southern Africa, on the other hand, drought risk increases signiﬁcantly for both
warming targets. Moreover, for these four regions the additional 0.5°C of warming from 1.5°C to 2°C leads
to signiﬁcantly drier mean conditions and higher risk of consecutive drought years. Southern Australia has
a comparable increase in drought risk between 1.5°C and 2°C, while Southeast Asia sees no signiﬁcant change
in drought risk under any future scenario.
The nonlinear scaling of drought risk over the U.S. Southwest and Central Plains is complex, as it suggests that
the assessment of impacts at 1.5°C and 2°C climates cannot simply be derived from pattern scaling, illustrat-
ing the limitations of pattern scaling as discussed in Tebaldi and Arblaster [2014]. The nonlinear scaling of
drought risk with warming could provide motivation for climate change mitigation, as the costs associated
with drought could scale nonlinearly too; cost-beneﬁt analyses could consequently favor immediate over
delayed mitigation, a topic that deserves further study. The balance between precipitation and evaporative
demand that causes PDSI to remain stable in these regions is uncertain, however, as soil moisture in the same
regions shows a more linear decrease with warming. Likewise, a recent statistical assessment of the drought
risk in the U.S. Southwest suggested that in absence of precipitation increases of at least 10%, megadrought
risk will rise sharply even under low warming [Ault et al., 2016]. A precipitation change of this magnitude is
roughly what CESM simulates over the U.S. Southwest, and because regional precipitation projections are
uncertain [Simpson et al., 2015], the results derived from just one model should be compared against projec-
tions with other models. Also, while the drying over Europe is robust among the different drought indices
considered here and across models [Seager et al., 2014], differences between 1.5°C and 2°C are less robust
across drought metrics. In the context of impacts assessment for low warming targets, it is noteworthy that
our analysis shows signiﬁcant discrepancies between drought indices under the strong warming of RCP 8.5
[e.g., Feng et al., 2017], while the responses are more consistent for 1.5°C and 2°C. Due to biases inherent in a
single-model study and the generally poor observational constraint on drought risk [e.g., Dirmeyer et al.,
2016], we urge caution when interpreting the results presented herein. Finally, although CESM has been
found to behave similar to the CMIP5 mean in terms of drought responses to warming, the large structural
uncertainty in future drought risk is not sampled in this single-model study. Coupled simulations of low
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warming targets with other climate models are therefore needed to enable evaluation of the robustness of
changes in drought across models.
Notwithstanding the caveats discussed above, our analysis indicates that climates stabilized at 1.5°C or 2°C
warming above preindustrial temperatures could see increased drought risk relative to today in a number
of populated areas of the world and that mitigation of warming by 0.5°C might yield signiﬁcant reductions
in exposure for some regions.
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